Abstract-
I. INTRODUCTION
A N EVER-INCREASING number of wireless devices have been demonstrated by employing additive manufacturing (AM) techniques in the last few years, such as stereolithography [1] , fused deposition modeling (FDM) [2] - [9] , electrochemical fabrication [10] , and laser direct structuring of molded interconnect device technology [11] , [12] . Compared to conventional processes, 3-D AM of antennas or other microwave components provides additional design freedom by taking advantage of the complete 3-D volume that can be exploited for miniaturization.
The AM rapid market growth is estimated to be over U.S. $8 billion in the following years. Therefore AM technologies are expected to become a powerful enabler for the current and next generation of microwave devices in the Internet of Things era. Nevertheless, the reported development of FDM-compatible microwave composite materials has been lacking. Most of the FDM-produced RF/microwave devices reported so far [2] - [8] are based on pure (unloaded) thermoplastics [e.g., acrylonitrile butadiene styrene (ABS), polycarbonate (PC), and polyetherimide (PEI) also known as ULTEM resin], materials that in most of the cases exhibit either low glass-transition temperature (T g ) or high dielectric loss at high frequencies, hence limiting their applications to low power or low performance microwave devices, respectively.
Composite materials comprised of polymers loaded with high-permittivity ceramic particles are a very useful technique to raise the dielectric permittivity. In 2006, Koulouridis et al. [16] reported several composite materials and their applications by following this approach. This methodology has been widely explored more recently as reported by Grant et al. [15] , Castro et al. [13] , [14] , [17] , [18] , Isakov et al. [19] , and Castles et al. [20] . Antenna miniaturization has been achieved by using composite materials with embedded high-permittivity [13] - [21] or highpermeability [22] - [25] particle fillers.
In this paper, we present a generic methodology to develop FDM-compatible high-permittivity and low-loss thermoplastic ceramic composites for high-performance microwave devices, based on cyclo-olefin polymer (COP) loaded with a selected volume fraction of sintered high-k ceramic microfillers. The effective dielectric and loss properties of the newly developed composites were evaluated up to the Ku-band through cavity resonator measurements. Compared to ABS, polylactic acid (PLA), polypropylene (PP), and PC, COP-based composites offer higher Tg, better chemical inertness to solvents and strong acids, and superior dielectric properties. In particular, it exhibits a low dielectric loss (tan δ < 0.0009) up to the Ku-Band.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Table IV and Fig. 11 ). This paper is a continuation of recent research presented in [9] . A detailed analysis is performed to show the dielectric and other physical properties of the low-loss thermoplastics employed for the preparation of microwave EM composites that are compared with other FDM compatible materials reported by the research community in recent years. Aside from the description of the material preparation, a preliminary assessment of model predictions of dielectric properties is conducted in Section II. Four models of relative permittivity (ε r ) and one for dielectric loss tangent (tan δ) have been explored. A comparison of the microwave performance up to 17 GHz is presented between the newly developed ceramic-thermoplastic composites and other EM materials reported by the research community as well as commercial microwave materials and laminates in Section III. Finally, the design, simulation and testing of antennas based on direct digital manufacturing (DDM) approach [2] that employs FDM and microdispensing processes are detailed in Section IV. The dielectric properties of the ceramic fillers studied in this paper are listed in Table I .
II. PREPARATION OF THERMOPLASTIC COMPOSITES

A. Choice of Thermoplastic Matrix and Ceramic Fillers
COP is a type of amorphous thermoplastic polymer, which is widely used for injection molding and conventional machining of optical components. COP has a melting temperature of about 230°C and a T g of 136°C. Also, it is chemically inert to strong acids and solvents, which is superior to other widely used thermoplastics such as ABS.
More importantly, COP also exhibits excellent EM properties with a permittivity of 2.12 and a low tan δ < 0.0009 up to 17 GHz, which is on par with that of Rogers RT/Duroid 5880 laminates and very likely the lowest loss among thermoplastics. The densities and sintering conditions for ceramic fillers are given in Table II , while a list of previously reported FDM-compatible thermoplastics in comparison with the thermoplastics explored in this paper is presented in Table III . 
B. Preparation of FDM Filaments and Thin-Sheet Specimens
The high-k ceramic powders were sintered at temperatures up to 1340°C to further enhance their dielectric and loss properties as reported previously in [14] and [26] , this enhancing process allows us to achieve the highest ε r and lowest tan δ with the smallest volume fraction of ceramic fillers required for the final EM composite, hence avoiding feedstock filament brittleness. The used sintering conditions and resultant filler densities are listed in Table II . Fig. 1 shows the SEM photographs of two FDM-ready feedstock filaments made of COP-MgCaTiO 2 and COP-TiO 2 composites, loaded with 25 and 30 vol.% ceramic fillers sintered for 3 hrs. at 1100°C and 1200°C, respectively. As can be seen in Fig. 1(b) , enhanced particle size distribution with an average size of 1.3 μm was achieved through 24 hrs. of high-energy ball milling after the high-temperature sintering process.
The FDM feedstock filament preparation process starts with the repulverization of sintered ceramics using a highenergy ball milling tool. In some cases, a sieving process is applied to ensure that the maximum particle sizes are below 40 μm. The COP or ABS thermoplastic matrixes and sintered ceramic particles are then uniformly mixed along with a hyperdispersant using a planetary centrifugal mixer, followed by a hot extrusion process at 260°C and 190°C, respectively, to produce filaments with a diameter of about 2.0 mm.
The measured particle tapped densities are 0.55 g/cm 3 for COP Zeonex (RS420), 0.602 g/cm 3 for ABS Cycolac (MG47), and 0.61 g/cm 3 for ABS448T. The typical density of the ceramic fillers is about 3 to 5 times higher than the density of the thermoplastics used in this paper as listed in Table II. 30 vol.% was kept as the highest high-k filler volume fraction, thus circumventing possible feedstock filament brittleness and Fig. 2 . Schematic-view scanned (bottom side) surface profiles of (a) 25 vol.% COP-MgCaTiO 2 thin-sheet specimen [14] and (b) pure COP specimen.
high viscosity of the molten composites during the actual FDM (3-D printing) process. Fig. 2 shows the 3-D schematic-view surface profiles (bottom side) of FDM printed thin-sheet samples taken by an atomic force microscope (AFM) tool. Fig. 2(a) presents the AFM-scanned profile of a COP-MgCaTiO 2 specimen with an average roughness value of 880 nm over a 50 μm × 50 μm area for the bottom side, whereas the direct printed front side has an average roughness 22 μm. Fig. 2(b) depicts an FDM-printed pure (unloaded) COP thin-sheet specimen with a mean roughness of 440 nm across a 50 μm × 50 μm area for the bottom side and an average roughness of 30 μm for the printed top side. The average roughness depends on the inner diameter of the FDM nScrypt nTip nozzle orifice used during the printing process.
C. Models for Effective Permittivity
In 2009, Barber et al. [28] reported several theoretical models that have been developed to predict the permittivity of polymer composites based on the volume loading fraction of the high-k ceramic fillers. For instance, the volume-fraction model (also known as parallel mixing model [29] , [33] ) is a relatively straightforward but inaccurate model that tends to overestimate effective relative permittivity of polymer composites given by
where ϕ 1 and ϕ 2 represent the volume fractions while ε 1 and ε 2 stand for the relative dielectric permittivity of the polymer matrix and the ceramic fillers, respectively. The Maxwell model based on mean-field theory is a more realistic way to estimate the effective permittivity in polymer composites systems as reported by Barber et al. [28] and Yoon et al. [29] . The model is given by
Another widely used model for the relative permittivity of EM composites is the Bruggeman model [30] , which was also derived by Hanai [31] . Hence, it is referred as the Hanai-Bruggeman model [32] , which is given by
Also, one more model for two component mixtures is the Rayleigh model given by [33] ε
As depicted in Fig. 3 , the Hanai-Bruggeman model predicts the dielectric permittivity more accurately than the other models. For instance, the measured dielectric permittivity of 25 vol.% COP-Ba 0.55 Sr 0.45 TiO 3 composites matches well with the model predicted value with less than 2% deviation, while model predictions for 25 vol.% COP-MgCaTiO 2 composites and 30 vol.% COP-TiO 2 composites exhibit discrepancies less than 1% and 6%, respectively.
Meanwhile, the Maxwell model predicts the permittivities of 25 vol.% COP-Ba 0.55 Sr 0.45 TiO 3 composites, 25 vol.% COP-MgCaTiO 2 composites, and 30 vol.% COP-TiO 2 composites, with less than 4%, 5%, and 1.3% deviation compared to the measured properties, respectively. On the other hand, the Rayleigh model leads to slightly less accurate predictions for the 25 vol.% COP-Ba 0.55 Sr 0.45 TiO 3 composites, 25 vol.% COP-MgCaTiO 2 composites, and 30 vol.% COP-TiO 2 composites, with discrepancies of 13%, 13.5%, and 7.2%, respectively, when compared with actual measured properties.
As evidenced by Figs. 3 and 4, the Hanai-Bruggeman and Maxwell models are well-suited for the prediction of relative dielectric permittivities of EM composites with high-k filler volume ratios between 25 and 30 vol.%. The simple volume fraction model is designed for composites made of two media in a parallel combination as reported by Yoon et al. [29] and Raju [33] . The volume fraction model is known to be inaccurate for assessing the relative permittivities of polymer composites with uniformly dispersed ceramic filler particles ( Fig. 1) as also seen in Fig. 3 . Fig. 4 shows the three most accurate models compared to the measured permittivities for the composites with cofired ceramic fillers at different volume fractions. As depicted in Fig. 4(a) and (b), the Hanai-Bruggeman model and Maxwell model both show good accuracy with less than 6% discrepancy when compared with measured properties of the EM composite materials.
D. Model Prediction of the Dielectric Loss Tangent
The dielectric loss tangent (tan δ) is the ratio between the imaginary and real parts of the complex permittivity given by (5) . The effective dielectric loss tangent of a two-component mixture with corresponding loss tangents of tan δ 1 and tan δ 2 is given by [33] 
where tan δ 1 and tan δ 2 are the loss tangents of the polymer matrix and the ceramic fillers, respectively. Fig. 5 shows the comparison between the measured versus model predicted dielectric losses by (6) of two types of TiO 2 and MgCaTiO 2 -based two-component composites. The model predictions show a maximum discrepancy of 45% and 34% for the 25 vol.% COP-MgCaTiO 2 composites and the 30 vol.% COP-TiO 2 composites, respectively. This can be ascribed to loss mechanisms (e.g., dispersion losses), which are not accounted for.
E. Thin-Sheet Specimen Dielectric Characterization
The dielectric properties of 3-D-printed thin-sheet specimens composed of COP, ABS, ULTEM resins and a high-k filler loaded composites were prepared by an FDM process and assessed at microwave frequencies by using cavity resonator test fixtures from Damaskos Inc. and an 8720ES vector network analyzer from Keysight Technologies. The Damaskos 125HC test fixture operating in the transverse EM mode covers for the low-frequency band of 0.4-4.4 GHz, while the model 015 test fixture that works in the transverse electric mode covers the high-frequency band of 6.2-19.4 GHz. These cavity resonator testers operate upon the cavity perturbation theory, from which the complex permittivity can be extracted by the resonant frequency shift and variation of Q-factor of a rectangular cavity due to the impact of an inserted thin-sheet sample. Equations (5) and (7)- (9) are used to calculate the loss tangent and the complex permittivity [13] , [36] - [38] ε r = ε r + j ε r (7)
where f s and f 0 are the resonant frequencies with and without a thin-sheet specimen in the cavity; Q s and Q o are the Q-factors of the cavity with and without the inserted thin-sheet sample; and V s and V o are the volumes of the test specimen and the cavity, respectively [13] . Once the complex permittivity of the material under test is calculated, the dielectric loss tangent can be determined by using (5). Fig. 6 depicts the cavity resonator measurement setup for the extraction of complex permittivity by using a Damaskos 015 test fixture. Fig. 7 shows some of the 3-D-printed thin-sheet and cylindrical O-ring specimens based on COP (Zeonex RS420), loaded with several types of sintered ceramic fillers. The thinsheet specimens of 5 cm × 3 cm × 0.5 mm are prepared by an FDM process for characterization by the cavity resonator fixtures. Fig. 8 presents the measured dielectric and loss properties of three types of COP thermoplastics compared with Cycolac MG47 (ABS), which is another widely used FDM-compatible thermoplastic. As observed, the relative permittivities of these COP materials are roughly 2.2 with a very low dielectric loss of 0.0009. Cycolac MG47 (ABS) exhibits five times higher dielectric losses. In this paper, Zeonex RS420 with the lowest dielectric loss was chosen as the base polymer matrix to develop EM composites as FDM-ready feedstock materials.
III. MEASURED PROPERTIES OF FDM-PRINTED SAMPLES
A. Measured Dielectric Properties of Pure Thermoplastics and Ceramic-Thermoplastic Composite Materials
As depicted in Fig. 9 , high-k 30 vol.% COP-TiO 2 composites with fillers sintered at 1100°C have exhibited an ε r of 4.57 and a loss tangent lower than 0.0014 at frequencies up to 17 GHz. Meanwhile, 25 vol.% COP-MgCaTiO 2 composites with MgCaTiO 2 fillers sintered at 1100°C have exhibited an ε r of 4.74 and a low tan δ below 0.0018 as can be seen in Fig. 9 . Fig. 10 shows a comparison between measured permittivity and model-estimated permittivity over frequency by the Maxwell model (2) , showing less than 7.7%, 7.2%, and 6.4% discrepancy for the 30 vol.% COP-TiO 2 composites, the 25 vol.% COP-MgCaTiO 2 composites, and the 25 vol.% COP-Ba 0.55 Sr 0.45 TiO 3 composites, respectively. Meanwhile, Fig. 10(b) depicts the estimated relative dielectric permittivity by the Hanai-Bruggeman model in (3) that shows a much better accuracy with no more than 1% discrepancy for the COP-Ba 0.55 Sr 0.45 TiO 3 composites.
B. Electromagnetic Composites Dielectric Properties Comparison Versus Previously Reported Works
In 2015, Isakov et al. [19] reported three types of composite materials with high dielectric permittivity of about seven based on ABS loaded with BaTiO 3 or Ba 0.64 Sr 0.36 TiO 3 microfillers. However, typically 3-D-printed ABS by FDM has a relatively low T g of about 100°C as listed in Table III and these composites exhibit a high dielectric loss tangent great than 0.034, which is worse than the dielectric losses of even low-cost FR-4 laminates. Due to the high dielectric losses of the bulk BaTiO 3 or Ba 0.64 Sr 0.36 TiO 3 ceramic powders, the composites based on these two types of fillers are anticipated to exhibit high dielectric losses as reported in [14] , [18] , and [39] .
Similarly, Castles et al. [20] also reported a composite material with a dielectric permittivity of 8.72 along with a high dielectric loss tangent of 0.0273, which is worse than that of the FR-4 laminates, thus limiting its applications for high gain antennas or high-performance microwave devices. On the other hand, Isakov et al. [19] reported another type of composite based on PP loaded with CaTiO 3 with a ε r of 5 and a low tan δ of 0.0051. Despite the decent dielectric properties, the loss is still noticeably higher than that of stateof-the-art microwave laminates that typically exhibit low tan δ < 0.003. Also, the Tg of PP is about −14°C and the melting temperature is 176°C as shown in Table III , which are too low for practical device applications. 
C. Dielectric Properties of Thermoplastic Composites in Comparison With State-of-the-Art RF Laminates
D. Effect of Filler Sintering Temperature on the Composites
Enhancement of dielectric properties by applying a hightemperature sintering process upon the high-k ceramic [14] , [26] . The COP-TiO 2 composites were selected due to the low dielectric loss as seen in Table IV to study the effect of the high-temperature sintering process. This paper was performed by sintering the TiO 2 microparticles at 1100°C and 1200°C for 3 hrs. under ambient gas environment followed by analysis of the compositional change due to induced reaction within the TiO 2 molecule during hightemperature annealing, which in turn affects the dielectric properties. The fabrication process of the functional filaments for this paper and the 3-D printing process was performed as explained in Section II-B, while the dielectric properties of the FDM-printed samples were extracted by the cavity perturbation technique described in Section II-E without using any post-FDM process. Thus, it was possible to evaluate the effect of the ceramic microfiller annealing conditions on the effective dielectric properties of the as-printed thermoplastic composites prepared by FDM.
The COP composites loaded with TiO 2 particles sintered at 1200°C exhibit a 30% increase of the relative dielectric permittivity and a 49% reduction of the dielectric loss tangent when compared with the COP-TiO 2 composites embedded with TiO 2 fillers sintered at 1100°C. Fig. 12 depicts the comparison of the composites loaded with TiO 2 and MgCaTiO 2 fillers both sintered at 1200°C. As shown in Fig. 12(a) , the permittivity of all the thermoplastic composites is higher than that of PREPERM TP20275 from PREMIX, a commercial high-k FDM filament, which is also better than AD250C (a low-loss high-frequency laminate from ARLON). Fig. 12(b) presents a measured low-dielectric loss of 0.0012 at 17 GHz for the 30 vol.% COP-TiO 2 composites with fillers sintered at 1200°C, which is lower than all the other composite samples.
IV. MICROWAVE PERFORMANCE ASSESSMENT
A. 3-D-Printed Edge-Fed Microstrip Patch Antennas
Rectangular edge-fed patch antennas were designed for 16.5 and 17.2 GHz. These antennas were manufactured using a two-step DDM process [2] , including the FDM fabrication of a 25 vol.% COP-MgCaTiO 2 composite substrate and a pure COP substrate, followed by a silver paste microdispending step also known as direct print additive manufacturing (DPAM). Both steps were done in a continuous manner using the Tabletop 3Dn nScrypt printer. Due to delamination issues of the chosen microdispensed silver paste (CB028) on top of the Rogers RT/Duroid 5880 laminate, a 380 μm thick Rogers RT/Duroid 5870 substrate with similar properties was selected to fabricate reference antennas operating at 16.4 and 16.7 GHz, with the purpose of comparing the microwave material performance. The original copper cladding layers were etched away to expose the dielectric core of the 5870 substrate. The key antenna dimensions and geometry are given in Fig. 13(b) and Table V. The edge-fed microstrip patch antenna configuration was selected to avoid the need for small microstrip inset feeds. The dimensions for the rectangular patch were determined based on the measured dielectric properties listed in Fig. 9 by using equations reported by Balanis [40] . Fig. 14 depicts the size comparison of the 3-D-printed antennas compared with the antennas fabricated on Rogers RT/Duroid 5870 laminate. The return loss of the antennas was measured by an E5063A vector network analyzer from Keysight Technologies using a setup as depicted in Fig. 15 . The EM simulation of the antennas was performed using ANSYS Electromagnetics suite 17.2 (HFSS 2016.2). Fig. 16(a) depicts the cross-sectional SEM photograph showing the actual interface between FDM-produced COP 
TABLE VI EDGE-FED PATCH ANTENNAS PERFORMANCE COMPARISON
thin sheet and the printed metallization layer comprised of microdispensed silver ink (CB028), while Fig. 16(b) presents a top-view SEM photograph of the printed layer showing silver flakes of 650 nm on average. The conductivity of the layer formed by microdispensed silver paste (CB028) dried at ∼100°C is 3.94e6 (S/m) [2] , and the typical measured average roughness is 3.68 μm [27] .
B. Analysis of Edge-Fed Patch Antenna Performance
The measured antenna peak gain, size reduction, and other parameters are given in Table VI . The simulations were performed using 3.94e6 S/m as the conductivity of the microdispensed CB028 silver paste metallization layer. Fig. 17 shows Fig. 18 . The radiation patterns and gain versus frequency measurements were conducted using an anechoic chamber of dimensions 3.66 m × 7.32 m × 3.66 m (length, width, and height, respectively) and calibrated using standard gain horns (Com-power AH-118). The antenna test setup is depicted in Fig. 19 . Fig. 20 presents measured and simulated maximum realized gain versus frequency for the 17.2 GHz COP-MgCaTiO 2 antenna and the 16.7 GHz Rogers RT/duroid 5870 antenna, which have shown good agreement with simulation results. The largest difference between the measured and simulated antenna peak realized gains is less than 1.25 dB as shown in Table VI and Fig. 20 . Measured and simulated gain versus frequency for antennas DDM-printed on pure (unloaded) COP at 16.5 GHz, which are compared with a 16.4 GHz reference design DPAM-printed over a Rogers RT/duroid 5870 substrate, which are both compared with simulated results with assumed metal layers of (CB028) conductivity of 3.94e6 (S/m). the measured and simulated data is only 0.23 dB. For this case, a very close match is achieved, also using the CB028 conductivity of 3.94e6 (S/m) used in the simulation.
As a key figure of merit, very similar measured realized gains have been demonstrated for the fully 3-D-printed antennas based on the loaded COP composites and pure COP when compared with reference designs printed over Rogers RT/duroid 5870 core substrates as depicted in Figs. 20 and 21 , respectively. The antenna performance is summarized in Table VI . Fig. 22 shows the comparison between the measured and simulated normalized H -and E-planes radiation patterns for the fully 3-D-printed 17.2 GHz antenna based on 25 vol.% COP-MgCaTiO 2 composites that are compared with a 16.7 GHz Rogers RT/duroid 5870 antenna. Fig. 22(a) depicts an excellent agreement in the H -plane characteristics for both antennas. Both antennas exhibit small back lobes which agree with the EM simulations. Fig. 22(b) shows the comparison between the simulated and measured E-plane radiation patterns. The measured E-plane patterns have some imperfections regarding the symmetry of the main lobes due to the size of the connectors and the size of the patch (radiators). Fig. 23 shows the measured and simulated H -and E-planes normalized radiation patterns for the fully 3-D-printed 16.5 GHz antenna based on pure (unloaded) COP material, which are compared with the 16.4 GHz Rogers RT/duroid 5870 antenna. Fig. 23(a) depicts a close agreement regarding the main lobe symmetry in the measured and simulated H -plane radiation patterns. Similarly, Fig. 23(b) shows some imperfections in the main lobe symmetry in the measured E-plane radiation patterns due to the relatively large size of the connectors and small size of the radiators.
V. CONCLUSION
A variety of high-permittivity (high-k) and low-loss ceramic-thermoplastic composite materials as FDM feedstock, based on COP embedded with sintered ceramic fillers, have been developed and investigated for DDM of microwave components. The EM properties of these newly developed FDM composites were characterized up to the Ku-band by the cavity perturbation technique. Several models for prediction of the effective relative dielectric permittivity of composites based on the filler loading volume fraction have been evaluated, among which Hanai-Bruggeman and Maxwell models have shown the best accuracy with less than 2% and 5% discrepancies, respectively. The 30 vol.% COP-TiO 2 FDM-ready composites with fillers sintered at 1200°C have exhibited an ε r of 4.78 and a tan δ lower than 0.0012 at 17 GHz. Meanwhile, the 30 vol.% COP-MgCaTiO 2 composites with fillers sintered at 1200°C have exhibited an ε r of 4.82 and a tan δ lower than 0.0018. Edge-fed patch antennas operating at 17.2 and 16.5 GHz were manufactured by DDM that employs a 25 vol.% COP-MgCaTiO 2 composite FDM filament with the fillers sintered at 1100°C and a pure COP filament, which were both prepared and extruded following the process described in this paper. The low dielectric loss of the 25 vol.% COP-MgCaTiO 2 composite material has been leveraged to achieve a peak realized a gain of 6 dBi. Also, a patch area miniaturization of 50% was achieved when compared with an antenna designed and DPAM-printed over a Rogers RT/duroid 5870 laminate core through microdispensing of CB028 silver ink. This reference antenna exhibited a measured peak realized gain of 6.27 dBi. The EM composites with tailored EM properties studied by this paper have great potential for the next generation of fully 3-D-printed and high-performance RF/microwave devices. (S'12) received Together with his students, he was the recipient of the "Best of Track" and "Best of Session" paper awards for the Internet-of-Things and advanced applications track at the 48th International Symposium on Microelectronics.
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